Stimulant-induced psychosis is a classic psychotomimetic drug reaction (Angrist et al. 1974) . Although this effect is most severe for methamphetamine and other amphetamine derivatives, it has also been reported in cocaine addicts (Brady et al. 1991) . There is a significant rate of incidence of psychotic symptoms in cocaine powder abusers and an even higher rate among crack cocaine and intravenous cocaine addicts (Williamson et al. 1997; Bartlett et al. 1997) . For most cocaine addicts, symptoms abate significantly within the first day or two of detoxification, but there is also evidence of more persistent symptomatology, particularly paranoia (Manschreck et al. 1988) . These psychotic symptoms are associated with increased craving and diminished likelihood of abstinence (Rosse et al. 1994; Williamson et al. 1997) . Attempts to treat stimulant addicts with neuroleptic drugs for more extended periods of time generally have not been successful because of patients' extreme resistance to taking the medication (Gawin et al. 1989) . For schizophrenia, psychosocial rehabilitative efforts that do not include adequate pharmacologic control of psychotic behavior are generally less effective than those that do (Hogarty et al. 1979 ). In the absence of an acceptable therapeutic agent, whether a similar situation occurs for stimulant addicts is unknown. N EUROPSYCHOPHARMACOLOGY 2001 -VOL . 24 , NO . 6 Coordinated neurobiologic and genetic research has identified a pathophysiological aspect of schizophrenia that may also underlie psychotic symptoms in stimulant addicts. Schizophrenic patients have diminished inhibition of the P50 auditory evoked response to the second of two repeated stimuli (Adler et al. 1982; Boutros et al. 1991; Judd et al. 1992; Clementz et al. 1997) . When two identical stimuli are presented 0.5 s apart, normal subjects have a significantly smaller P50 response to the second stimulus; whereas, schizophrenic subjects do not. This example of a sensory gating deficit is part of the neuronal pathophysiology that underlies the hypervigilance, poor sensory filtering, and decreased sustained attention that is characteristic of schizophrenia and other psychoses (Freedman et al. 1994) . These elementary psychophysiological disturbances are also thought to underlie more complex symptoms, such as paranoid delusions and hallucinations (Venables 1964 ). An identical disturbance in the inhibition of the P50 auditory evoked response to repeated stimuli has been found in recently detoxified cocaine addicts by Fein and his group (Fein et al. 1996) . The finding has also been replicated by Boutros, who demonstrated a significant correlation (r ϭ 0.852, p Ͻ .002) in cocaine addicts between the intensity of psychotic symptoms, as measured on the Wisconsin Psychosis Proneness Scale and loss of inhibition of the P50 response (Boutros et al. 1998 ). Boutros et al. also reported a significant correlation in cocaine addicts between loss of P50 inhibition and ratings of psychosis on the Cocaine Experience Questionnaire (r ϭ 0.760, p Ͻ .02). Thus, a similar pathophysiology may occur in stimulant abuse and schizophrenia.
However, this electrophysiological similarity may reflect different underlying neuronal mechanisms. For schizophrenia, the pathophysiological disturbance has been related to an abnormality in nicotinic acetylcholine-mediated neurotransmission. Pharmacologic experiments in animal models identified the cholinergic stimulation of hippocampal interneurons as a critical neuronal mechanism in the brain's ability to diminish its response to repeated stimuli. The receptor type mediating the response is the low affinity neuronal nicotinic receptor, for which the responsible gene is the ␣ 7-nicotinic receptor subunit gene (Luntz-Leybman et al. 1992) . In schizophrenic patients, post-mortem studies show that the expression of this receptor is diminished in the hippocampus (Freedman et al. 1994) . Genetic studies of the evoked potential abnormality showed that it seemed to be inherited in the families of schizophrenics as an autosomal dominant trait. Genetic linkage in a genome-wide scan showed significant linkage to a chromosome 15q14-15 site, where the ␣ 7 nicotinic receptor subunit gene is also located (Freedman et al. 1997) . Thus, independent genetic and neurobiological evidence indicates the failure of an ␣ 7 nicotinic receptor mechanism in schizophrenia. Treatment of patients or of nongating first-degree relatives with nicotine, either as nicotine-containing gum or by their own cigarette smoking, transiently normalizes their evoked potential inhibition (Adler et al. 1992 .
Although a nicotinic receptor abnormality is, thus, implicated as one pathophysiological aspect of schizophrenia, a noradrenergic mechanism can also cause loss of inhibition in the sensory gating paradigm. For example, decreased inhibition of the P50 response occurs in mania, with the decrease correlated with increased plasma levels of the noradrenergic metabolite 3-methoxy, 4-hydroxyphenylglycol (MHPG; Adler et al. 1990 ). When plasma MHPG levels return to normal during clinical treatment, the P50 inhibition also normalizes. Decreased inhibition also occurs in normal subjects after administration of the ␣ -2 adrenergic receptor antagonist yohimbine, which increases presynaptic release of norepinephrine . In schizophrenia, correlation of P50 inhibition with MHPG levels has also been found, but P50 inhibition remains abnormal, even when MHPG levels are within the normal range after neuroleptic treatment (Adler et al. 1990; Kang et al. 1997) . Thus, schizophrenia itself probably involves a non-noradrenergic deficit; that is, the cholinergic deficit described above. McDougle et al.(1994) have demonstrated that noradrenergic dysregulation occurs in cocaine addicts and persists into the detoxification period. Yui et al. (1997) have related increased MHPG levels to psychotic symptoms. Recent genetic evidence associates cocaine-induced paranoia with an allelic variant of the dopamine ␤ -hydroxylase gene, which lowers the level of the enzyme [REEFOL] (Cubells et al. 2000) . Although dopaminergic dysregulation also occurs in cocaine addicts, abnormalities in the dopamine transporter are correlated with increased MHPG levels as well [REFO] (Bowers et al. 1998) . These findings suggest that noradrenergic dysregulation could be similarly responsible for diminished sensory inhibition in cocaine addicts.
Animal electrophysiological studies are consistent with these clinical observations. Increased noradrenergic neurotransmission induced pharmacologically by a variety of stimulant compounds causes loss of inhibition of auditory response to repeated stimuli (Adler et al. 1988; Stevens et al. 1991; Boutros et al. 1994) . Norepinephrine interferes with the responses of inhibitory interneurons by a variety of mechanisms, including blockade of their synaptic activation (Doze et al. 1991) . The noradrenergic effects of stimulant compounds can be blocked by noradrenergic receptor antagonists, but the effect is also reversed by nicotinic agonist administration (Stevens et al. 1991 (Stevens et al. ,1995 . In particular, there is a loss of inhibition of the hippocampal auditory evoked response after chronic cocaine, which is then blocked by ␣ 7-nicotinic agonist administration (Stevens et al. 1999 ). The presumed mechanism of action is a competition between nicotinic excitation of interneurons and noradrenergic inhibition of their response (Frazier et al. 1998) . Although this interaction has been demonstrated in animals, it is not known if it is physiologically significant in human cocaine addicts.
The goal of the present study was to replicate Fein's and Boutros's findings that cocaine addicts have diminished auditory sensory inhibition as measured with the P50 response and to determine if the failure of inhibition is affected by nicotine administration.
METHODS AND MATERIALS

Subjects
The subjects were 11 cocaine addicts recruited from the Addiction Research and Treatment Service of the University of Colorado and the Drug Treatment Unit of the Denver Veterans Affairs Medical Center. The six males and five females ranged in age from 35 to 50 years old. Five were African Americans, two were Hispanic, and four were Caucasian. Six were divorced or separated, two were married, and three were single. Diagnoses were made by SCID IV-P interview. Eight fulfilled DSM-IV criteria for cocaine dependence, and three fulfilled criteria for cocaine abuse. All reported use of cocaine within 2 to 6 days of study. Three used intravenous cocaine, four smoked crack cocaine, two smoked free base, and two inhaled cocaine powder. Seven had positive urine drug screens for cocaine on the day of the study; four did not. All denied using cocaine on the day of study. Additional positive results of the urine drug screen included two positive for opiates and one positive for marijuana. There were multiple co-morbid diagnoses, including alcohol dependence or abuse, polydrug abuse, major depression, and post-traumatic stress disorder. Medications included selective serotonin reuptake inhibitors, but there were no tranquilizers or mood stabilizers, except for one patient taking valproic acid for post-traumatic stress disorder. None had personal or family histories of mania or schizophrenia. A summary of the DSM-IV diagnoses for each subject is given in Table 1 ; the only diagnosis all had in common was cocaine dependence or abuse. Seven were currently cigarette smokers, and four had never smoked. Fagerstrom scale scores for the smokers ranged from 3 to 12. Vital signs showed pulse and blood pressure within normal limits for all subjects. None of these parameters influenced baseline values or the effects of nicotine. All subjects gave informed consent and were paid compensation for participation in the study. The study was approved by the joint Institutional Review Board of the University of Colorado and the Denver VA Medical Center, in accordance with the Declaration of Helsinki.
Experimental Procedures
Subjects came to the laboratory at 9 AM ; they had been instructed not to use cocaine from the time of enrollment in the study, which was 2 to 6 days before the study. They were not allowed to smoke within 2 hours of the initial recording. After a baseline P50 evoked potential recording, they received either placebo or nicotine-containing gum. The placebo used was a gum that had an herbal medicinal taste. Subjects were asked to close their eyes when given the gum, so that they did not see the color or labeling of the gum. None had regularly used nicotine gum before, so they could not differentiate active from placebo gum on the basis of taste.
One nonsmoker received 4 mg of nicotine; all others received 6 mg. There were no adverse effects of the nicotine-containing gum reported or observed. Subjects were instructed to chew the gum until it was soft and then to hold it between the cheek and gum for 5 min, expectorating any excess saliva. This strategy minimizes nausea from the nicotine entering the stomach and results in a rapid rise in nicotine level as it is absorbed from the buccal mucosa. Ten minutes after initiation of the nicotine or placebo treatment, the first posttreatment series of recordings were performed. Vital signs were also obtained. A second post-nicotine or placebo recording was performed 30 min after initiation of the nicotine or placebo treatment. Two hours later, the subjects received another baseline recording and then Table 1 . DSM IV Diagnoses of Subjects Determined by SCID IV-P Interview Subject 1.
Cocaine dependence, post traumatic stress disorder, substance-induced depression Subject 2.
Cocaine dependence Subject 3.
Cocaine dependence, alcohol dependence, substance-induced depression Subject 4.
Cocaine abuse, major depression Subject 5.
Cocaine dependence, major depression, post traumatic stress disorder Subject 6.
Cocaine dependence Subject 7.
Cocaine dependence, opioid abuse Subject 8.
Cocaine dependence, cannabis and opioid abuse Subject 9.
Cocaine abuse Subject 10. Cocaine dependence, post traumatic stress disorder, substance-induced depression Subject 11. Cocaine abuse, post traumatic stress disorder the other treatment. They received lunch between the two treatments. Five subjects received nicotine gum first; six received placebo first. Ten of the 11 subjects returned 10 days later for a repeat study. One subject refused to complete the placebo trial on the second day because of time constraints.
Evoked Potential Recording
Subjects lay supine on a hospital bed with their necks supported by pillows to minimize myogenic artifacts. They were instructed to remain awake, with their eyes open and fixed at a distant target. Electroencephalographic activity was monitored during the recording. If a subject showed prominent alpha activity, recording was halted and they were reminded to remain awake. If a subject entered sleep, the recording was halted for 2 min, and the previous trials were omitted from further analysis ). The auditory stimuli were rarefaction clicks, delivered 50 dB over the previously determined auditory threshold (Griffith et al. 1995) . The stimuli were presented in trains of pairs, with an intrapair interval of 0.5 s and an interpair interval of 10 s. Electroencephalographic activity was recorded from gold electrodes at Cz referenced to the ear. Additional electrodes recorded electro-oculographic activity from the right supraorbital ridge and lateral canthus.
Three sets of artifact-free responses to 16 paired stimuli were collected at each time point, so that a total of 48 trials were recorded at each of the three time points in the study. Trials that contained electroencephalographic or electro-oculographic activity greater than 30 V within 80 ms after the auditory stimulus were rejected at the time of recording. The averages were subsequently reviewed by an investigator blind to subject identity and treatment; averages that seemed to have eye movement or muscle artifacts were recomputed, with trials contributing to these artifacts rejected. Each set of accepted trials was averaged and filtered digitally with a 10-100 Hz bandpass. P50 waves were measured from the grand average of the three trials according to a previously described algorithm (Nagamoto et al. 1989 ). The conditioning P50 wave was identified as the most positive peak 40-80 ms after the conditioning stimulus, measured relative to the preceding negative trough. The test wave was identified as the most positive peak occurring after the test stimulus, within Ϯ 10 ms of the latency of the conditioning response. The TC ratio was the ratio of the test to conditioning amplitudes. Other measurement strategies have been suggested, but the ratio measurement maximally differentiates schizophrenics from normals (Smith et al. 1994; Ward et al. 1996) . The major alternative strategy suggested by Smith et al., consideration of test amplitude alone, showed effects of cocaine and nicotine that exactly paralleled those observed with TC ratio.
Statistical Analysis
Analyses of variance (ANOVAs) for effects of treatment (nicotine or placebo), day of treatment, order of treatment within the day, and time after administration of treatment were employed, using TC ratio, conditioning amplitude, and test amplitude as dependent variables. Tukey's HSD test with Kramer's modification was used for post-hoc comparison of values between nicotine and placebo trials at each time point. Student's t -tests were used to test the replication of previous findings of elevation of the ratio of the amplitudes of the test and conditioning P50 responses, as well as diminished amplitude of the initial P50 response, in the baseline recordings from detoxifying cocaine addicts (Fein et al. 1996; Boutros et al. 1993 Boutros et al. ,1998 . These tests were corrected for multiple testing by Bonferroni's method.
RESULTS
The Brief Psychiatric Rating Scale scores showed no significant difference between the two test days, for either the total score (day 1, 35.0 Ϯ 13.4; day 2, 29.7 Ϯ 12.6) or the psychosis subscore (day 1, 9.6 Ϯ 4.6; day 2, 6.6 Ϯ 3.3). These scores are consistent with psychological distress, including mild to moderate psychotic symptoms, in those patients who were selected only for their ability to remain in the detoxification programs.
The ratio of the test to conditioning P50 response (TC ratio) was also elevated both days over values previously found in normal subjects (Figure 1) . Examination of the amplitudes of the responses to the conditioning and test stimuli showed that the amplitude of the conditioning response was decreased from normal values and that the test amplitude was not significantly different. These findings replicate those previously observed by Fein et al. (1996) and Boutros et al. (1993; .
On both days, the administration of nicotine decreased the TC ratio to normal levels (Figures 2,3) . The effect was brief, with recovery toward baseline abnormal levels 20 min after nicotine administration. The effect was not observed with placebo administration. ANOVA showed a significant effect of treatment (F ϭ 7.783, df 1,98, p ϭ .006) and a significant treatment by time interaction (F ϭ 3.60, df 2,48, p ϭ .031). Significant differences between placebo and nicotine treatment were observed only at the 10-min time point after nicotine administration (Figure 4) . There was no effect of the patient's having a positive or negative urine test for cocaine and its metabolites on the day of the recording (F ϭ 0.24, df 1,112, p ϭ .24). Similar ANOVAs were performed for the amplitudes of the conditioning and test responses separately. There was a significant interaction between treatment and time before or after treatment only for the test amplitude (F ϭ 4.31, df 2,98, p ϭ .016). As observed for TC ratio, significant effects of nicotine on test amplitude, compared to placebo, occurred at the 10-min time point following nicotine administration (Table 2) . Thus, the effects of nicotine on the TC ratio primarily represent a significant decrease in the P50 amplitude in the test response.
The latencies of the conditioning and test responses were not significantly affected by the treatment conditions. Blood pressure and pulse were also monitored to determine if they were affected by the treatment, but no significant changes were observed.
DISCUSSION
This study has replicated the finding that cocaine addicts have diminished inhibitory sensory gating, as measured using the P50 auditory response. In schizophrenia, this abnormality is correlated with decreased vigilance and is thought to be a possible elementary substrate of more complex abnormalities, including hallucinations and delusions (Cullum et al. 1993) . Fein et al. (1996) also found that the abnormality persists during the first 2 weeks of cocaine abstinence, which suggests that any mental dysfunction related to the abnormality would be similarly long lasting and might adversely affect psychosocial treatment. A similar loss of inhibition of sensory response has been observed in Figure 1 . Comparison of the ratio of test to conditioning amplitudes (TC ratio), conditioning P50 amplitude (CAMP), and test P50 amplitude (TAMP) for normals (n ϭ 10, from Griffith et al. 1995) and the cocaine addicts (n ϭ 11 day 1,n ϭ 10 day 2). placebo (B) . The conditioning and stimuli (arrows) were delivered 0.5 s apart. The P50 was identified (tic below waveform) and measured relative to the preceding negative trough (tic above waveform) by a computer algorithm described in the text. Vertical calibration units are Ϫ2V; horizontal units are 10 msec. N EUROPSYCHOPHARMACOLOGY 2001 -VOL . 24 , NO. 6 animals after several weeks of cocaine treatment Stevens et al. 1999) , so that the abnormality is likely to be a consequence of cocaine selfadministration. The deficit seems to be a persistent consequence of cocaine administration, because its presence does not depend upon the patients' having cocaine or its metabolites in the urine. Other neurophysiological abnormalities related to increased noradrenergic neurotransmission have also been observed to persist for several weeks after relatively brief periods of stimulant administration (Sorensen et al. 1982) . It is notable that this abnormality occurred in patients who were not preselected to have psychiatric comorbidity. The only selection criterion was that they remain in the treatment setting for at least 2 days. Furthermore, only one of the 11 patients did not remain in treatment for the next 10 days. Despite this relatively good response to treatment, these patients showed mild to moderate psychotic symptoms on the Brief Psychiatric Rating Scale and abnormal electrophysiological responses in the P50 conditioning-testing paradigm. Fein et al. (1996) observed a similar incidence of abnormal P50 inhibition in an unselected group of detoxifying cocaine addicts.
The cocaine addicts in this study included some with various co-morbid conditions, including such other psychiatric disorders as depression and PTSD and abuse of other substances. Such co-morbid conditions are typical of cocaine addicts (Brown et al. 1998) . Heavy cigarette smoking is also typical of cocaine addicts (Wiseman and McMillan 1998a) . The addicts also differed in their preferred routine of cocaine administration. None of these conditions seemed to affect the abnormality in P50 inhibition or its response to nicotine administration. Psychotropic medication use in general has not been associated with abnormalities in P50 gating (Baker et al. 1987) .
The effects of nicotine on the auditory evoked potential were similar to those observed in schizophrenics and their relatives (Adler et al. 1992; . The dose re- All amplitudes are in microvolts, mean Ϯ SD.
a,b
Difference between nicotine and placebo treatment at this time point significant by Tukey's HSD (p Ͻ .01). Only the values at 10 minutes were statistically significant (*), which is consistent with our previous studies of nicotine effects in schizophrenic patients and their relatives. For Day 1 (10 min, 11 subjects): Mean P50 ratio: nicotine Ϫ0.38 Ϯ 0.37 s.d.; placebo: 1.05 Ϯ 0.55 s.d., separate variance t test ϭ Ϫ3.36, df ϭ 17.5, p ϭ .004 uncorrected, p ϭ .01 Bonferroni adjusted. For Day 2 (10 minutes: 10 subjects completed placebo day, 9 of the 10 had usable data for the nicotine day at the 10 minute period): Mean P50 ratio: nicotine Ϫ0.40 Ϯ 0.29 s.d., placebo: 1.07 Ϯ 0.54 s.d., separate variance t test: t ϭ Ϫ3.31, d.f. ϭ 11.9, p ϭ .006 uncorrected, p ϭ .01 Bonferroni adjusted. quirement was similarly high; 6 mg is the equivalent of about three cigarettes (Benowitz et al. 1988) . A similar time course of effect and a similar effect size were observed in schizophrenic patients, regardless of whether they received gum or self-administered nicotine in the form of cigarettes (Adler et al. 1992 . Both the P50 auditory evoked potential and a smooth pursuit eye movement abnormality are normalized in schizophrenics with a similar time course and dose requirement (Olincy et al. 1998) , suggesting that these parameters of response are not unique to the administration route or to the physiological abnormality under study.
The ␣7 nicotinic receptor is a ligand-gated ion channel (Lindstrom 1996) . Nicotine or acetylcholine bind to the receptor, which then opens a channel that admits cations into the cell. Nicotine remains bound to the channel as it closes, resulting in an inactivated or desensitized state of the receptor. The ␣7 receptor, as studied in oocytes, is also more insensitive to nicotine than most other neuronal nicotinic receptors. Thus, the rapid time course of activation and deactivation and the high dose requirement are intrinsic to the ␣7 receptor mechanism (Lindstrom 1996) . The bolus of nicotine from a cigarette or from rapid gum chewing is an ideal way to activate the receptor maximally. Studies in brain slices in vitro suggest that effects on the ␣7 receptor occur at doses consistent with nicotine levels achieved by smokers (McGehee et al. 1995; Gray et al. 1996) . Attempts to activate the receptor with longer-lasting, lower doses would be expected to increase the effects of desensitization. The phenomenon of desensitization may help to explain why nicotine is not immediately ameliorative of schizophrenic symptoms and why nicotine withdrawal does not seem to result in a significant increase in psychotic symptoms of schizophrenic patients (Dalack et al. 1999) . We have shown that treatment of schizophrenic patients with nicotine-containing transdermal patches, indeed, does not result in prolonged normalization of response, but rather, increased receptor desensitization (Griffith et al. 1998) . Consideration of the time course of desensitization of the ␣7-nicotinic receptor is important for understanding the mechanism of other observations of the interaction between cocaine and nicotine. A recent study using transdermal nicotine patches showed that, after 3 hours, the patch increases cocaine craving (Reid et al. 1998 ). The Griffith et al. study (1998) demonstrates that effects after 3 hours are more likely to be caused by receptor desensitization than by receptor activation. Thus, receptor desensitization may not only abbreviate the duration of nicotine's effect on sensory gating, but it may also cause an undesirable increase in craving.
These properties make nicotine an undesirable therapeutic agent for psychotic symptoms in cocaine abuse. If the ␣7 nicotinic receptor is to be considered as therapeutic target for drug development, it would be desirable to develop more specific agonists that might also have less desensitization. Desensitization involves an allosteric change in the nicotinic receptor, which might be differentially activated by alternative agonists. There are currently no other nicotinic agonists available for human use. 3-(2,4)-dimethoxybenzylidine anabaseine (DMXBA) has positive effects on a similar loss of sensory inhibition produced by chronic cocaine administration in animals (Stevens et al. 1999) . DMXBA is a mixed agonist-antagonist at the ␣7 receptor of both humans and rodents, with blocking activity at ␣4 receptors, the principal higher affinity receptor (DeFiebre et al. 1995; Briggs et al. 1997) . Although DMXBA did not show long-lasting effects, it also did not show any loss of effect when the same dose was repeated 40 minutes later. In contrast, nicotine had no effect when it was administered 40 minutes after an initial dose. The similar effects of nicotine in both the animal and human studies suggest that the animal studies might be predictive of other nicotinic agonist effects in humans. DMXBA, thus, may be a prototypic molecule for a drug that might produce antipsychotic effects in cocaine addicts by a novel therapeutic mechanism. It is noteworthy that mecamylamine, a channel blocker that antagonizes all of the nicotinic receptors except the ␣7 receptor, has been reported to decrease cocaine craving (Reid et al. 1999) . By leaving only the ␣7 component of nicotinic cholinergic neurotransmission active, mecamylamine might have similar effects to an ␣7 agonist. Mecamylamine failed to block effects of nicotine agonists on P50 gating in cocaine-treated animals (Stevens et al. 1999) .
Effects of nicotine on psychotic symptoms were not formally measured in this study, because the extremely short time course of nicotine's effects was not felt to be sufficient for reliable clinical observation. Nevertheless, patients uniformly reported a transient qualitative decrease in anxiety and paranoia, consistent with the physiological changes observed. Similar reports of beneficial effects of cigarette smoking on paranoia and anxiety in cocaine addicts have been obtained by other investigators, who have also reported that addicts who remain abstinent from cocaine have significantly greater rates of heavy smoking than nonabstinent addicts McMillian 1998a, 1998b) . Thus, nicotine use may ultimately influence drug-seeking behavior. Although a relationship between increased drug-seeking behavior and psychotic symptoms has been observed clinically (Rosse et al. 1994) , the mechanism of this relationship is unknown. It has been observed, however, than sensitization to stimulants is common in both chronic stimulant abuse and in endogenous psychoses (Yui et al. 1999) . Thus, the similar effect of nicotine on an electrophysiological abnormality common to both cocaine abuse and schizophrenia, as observed in the present study, one of several examples of convergent pathophysiological mechanisms.
